Thinning (skeletonisation) algorithm is a morphological operation that is used to remove selected foreground pixels from segmented images and to preserve the extent and connectivity of the original regions. Thinning algorithms can be divided into two broad categories, namely iterative and non-iterative. Usually, non-iterative algorithms are faster than iterative algorithms, but they produce less accurate results and are difficult to manipulate. In this paper, we use the Zhang-Suen method (Zhang and Suen, 1984) as the base method, in which it uses the Connectivity Numbers and the Background Numbers in a 3x3 neighbourhood as shown in Figure S1 (a) to mark and delete pixels. The Connectivity Numbers C n (P) and the Background Numbers B n (P) can be calculated as follows. (5)
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where P is a foreground pixel at the centre of the 3x3 neighbourhood, n i denotes not n i , n i =1
if it is a foreground pixel, otherwise it equals 0, and n 9 =n 1 .
The Zhang-Suen method iteratively removes pixels from contours and preserves the connectivity at the same time. In each iterative process, there are two sub-iterations. In the first sub-iteration, a pixel P can be deleted or set to be a background pixel if the following conditions are satisfied (Liu et al., 2003) :
2. 2≤B n (P)≤6.
3. n 1 n 3 n 7 =0.
4. n 1 n 7 n 5 =0.
In the second sub-iteration the conditions are as follows. 1. C n (P)=1.
3. n 3 n 5 n 7 =0.
4. n 1 n 3 n 5 =0.
(a) (b) (c) Figure S1 . Algorithm schematics: (a) a 3x3 neighbourhood, (b) and (c) the α values of end pixels caused by noise and a true root tip, respectively.
If the pixel P is an end pixel, all thinning based on segmented images will keep this pixel as foreground pixel. However, many noisy pixels along contours will become end pixels and further result in false branches in thinning process. In our approach, we use an effective way, which is suitable to the phenotyping of roots grown in soil, to determine whether an end pixel should be deleted ( Figure S1 (b) & (c)). In this application, there is always some soil present, mainly attached to primary roots after root washing and thus there would be many false branches caused by noisy pixels along contours of primary roots. We refer to two simple cases to demonstrate the idea of the proposed approach. For a given pixel P, we trace the contour from both sides of P for ω/2 steps. The distance between two tracing ends is d and the distance from P to the middle of the two ends is h. Let α be the ratio between h and d, so we have α=h/d. From the first case, we can find that the value of α is small, the end pixel P is likely caused by noise and thus it should be deleted. The thickness of a short root segment is usually similar, therefore the remainder part of a root segment is thin when the root tip becomes one pixel thick during the thinning process as shown in the second case. In this case, the value of α is quite large. The two simple cases have demonstrated that we can set a suitable threshold (smooth factor) for α to determine whether an end pixel should be deleted. The smooth factor should be selected based on the noise level in root images and its range should be in [0.1, 0.7] regardless of image resolution. Usually, the thicknesses of short noisy branches are much smaller than those of primary roots. Therefore we set ω to the average thickness of primary roots regardless of image resolution, which is low enough to reduce end pixels cause by noise and still able to keep lateral roots.
